Nine partial sequences characteristic of cytochrome P450 (CYP) were obtained by RT-PCR using degenerate primers designed from conserved regions of the CYP6 family. The sequences were CYP6A1, CYP6D1 and seven new CYPs. Full amino acid sequences of CYP6D1 and two new CYP isoforms, CYP6A24 and CYP6D3v2 were analyzed. The amino acid sequence of CYP6D1 in the pyrethroid resistant strains was identical with that of a susceptible strain, CS, already reported. Northern blot analysis indicated that CYP6D1, CYP6A24 and CYP6D3v2 were overexpressed in all pyrethroid resistant strains when compared with the susceptible strain. In conclusion, pyrethroid resistant strains in Japan show simultaneous overexpression of several CYP isoforms.
INTRODUCTION
The cytochrome P450 (CYP) monooxygenases metabolize xenobiotics including pesticides as well as endogenous compounds such as steroid hormones and fatty acids. Various kinds of CYP have been found in animals, microorganisms and plants, and classified into more than 36 families. In insects, CYP plays an important role in degrading various insecticides as an insecticide resistant factor. Some CYP genes; CYP6A1 (Feyereisen et al., 1989) , CYP6A2 (Waters et al., 1992) , CYP6D1 (Tomita and Scott, 1995) , CYP6B7 (Ranasinghe and Hobbs, 1998) and CYP6F1 (Kasai et al., 2000) have been cloned from insecticide resistant strains of insects. CYP activity enhanced by elevated transcription of its gene is the mechanism of resistance in all instances.
Chemical control has been conducted heavily and widely at the landfill disposal site in Tokyo Bay for a long time to prevent outbreaks of the housefly. Therefore, multiple insecticide resistance has developed against organochlorine, organophosphorus, carbamate and pyrethroid compounds in the housefly colony there. Preceding reports suggested the involvement of CYP in the resistance of this colony by the synergistic effect of CYP inhibitor (Lee et al., 1996; Zhang et al., 1997) . In order to elucidate the responsibility of CYP for the housefly insecticide resistance at a molecular level, we investigated CYP in a housefly strain obtained by selection with permethrin, and show the over expression of two new isoforms of CYP and CYP6D1.
MATERIALS AND METHODS
Insects. The SRS strain was a WHO standard reference susceptible strain. YS strain was collected from the landfill disposal site in Tokyo Bay on 3 June 1997 and cultured in the laboratory without insecticide exposure. YPER strain originating from the YS strain is a permethrin resistant strain selected with permethrin for 12 generations. The YPER strain showed over a 21,000-fold resistant ratio to SRS strain. Hachinohe strain, collected from a poultry farm in Hachinohe, Aomori prefecture, Japan was selected with permethrin for 5 generations at the National Institute of Infectious Disease.
Quantitative analysis of cytochrome P450 and b 5 . Microsomes were prepared according to Lee and Scott (1989) . Two hundred female abdomens were homogenized in 0.1 M sodium phosphate buffer (pH 7.5) containing 10% glycerol, 1 mM EDTA, 0.1 mM dithiothreitol (DTT), 1 mM 1-phenyl-2-thiourea, 0.1 mM (r-amidinophenyl)-methanesulfonyl fluoridehydrochloride (PMSF) and centrifuged at 10,000ϫg for 15 min. The supernatant was centrifuged at 100,000ϫg for 1 h. The pellet was resuspended in 6 ml of 0.1 M sodium phosphate buffer (pH 7.5) containing 20% glycerol, 1 mM EDTA, 0.1 mM DTT and 1 mM PMSF. All procedures were done at 4°C.
Cytochrome P450 and cytochrome b 5 were quantified according to Omura and Sato (1964) and Ronis et al. (1988) using a Shimadzu UV-160A spectrophotometer. CYP and cytochrome b 5 were measured using extinction coefficients of 91 mM cm Ϫ1 between 450 nm and 490 nm for CYP, and 185 mM cm Ϫ1 between 423 nm and 409 nm for cytochrome b 5 .
RT-PCR and cloning of CYP genes. Messenger RNA was isolated from 15 female abdomens by using QuickPrep micro mRNA Purification Kit (Pharmacia). cDNA was synthesized using a 1st strand Synthesis kit (Pharmacia).
Forward primer, 5Ј-GA(A/G)ACN(A/C/T)(T/C)-N(A/C)GNAA(A/G)TA(T/C)CC-3Ј and reverse
primer 5Ј-GGNCCN(T/G)CNCC(A/G)AA-3Ј were designed for PCR based on conserved regions (putative helix K region and heme-binding site) of CYP6 subfamily members. The PCR cycle was 94°C, 30 s, 50°C, 30 s, 72°C, 1 min for 30 cycles. The PCR products were subcloned into a pCR 2.1 vector. PCR clones were sequenced with dye terminator cycle sequencing kit using a DNA sequencer (ABI 377).
The complete sequences of CYP6A24 and CYP6D3v2 were obtained using 5Ј RACE (rapid amplification of cDNA ends) and 3Ј RACE methods. The sequence of CYP6A24 was obtained by RT-PCR using a 6a1F primer (5Ј-CTCCAGTCG-GTTGCATTG-3Ј) from 5Ј ends and Not I d (T) 18 primer. CYP6D3v2 was obtained using a 6i1F (5Ј-ACAGCCGACTAGAAGACCCCAA-3Ј) primer and Not I d (T) 18 primer. The PCR products were subcloned and sequenced.
Northern blot analysis. Total RNA was isolated from 5 abdomens of 3-day old adult females using ISOGEN (Nippon Gene). Total RNA was electrophoresed on 1.2% agarose gel, and transferred onto a GeneScreen plus membrane (Dupont). CYP6D1 cDNA fragment (position 117-696), CYP6A24 cDNA fragment (position 1200-1442) and CYP6D3v2 cDNA fragment (position 1199-1434) were labeled with digoxigenin-UTP and used as probes. Prehybridyzation and hybridization were carried out at 50°C in the presence of 50% formamide. The membrane was washed twice with 2ϫSSC and 0.1% SDS for 15 min at room temperature, and twice with 0.2ϫSSC plus 0.1% SDS for 30 min at 68°C. As an internal marker, 28S rRNA was visualized on the agarose gel by staining with ethidium bromide. The quantity of signals was determined using NIH image software (National Institute of Health, Maryland, USA) after film scanning.
RESULTS

P450 and b 5
The results of quantification of CYP and cytochrome b 5 are shown in Table 1 . The YPER strain had 0.99 nmol P450/mg protein, 3.3 times more than SRS. While the original strain, YS had little CYP as compared with the susceptible strain. YS and YPER strains showed a little more cytochrome b 5 than the SRS strain.
Cloning of partial cDNA sequences of CYP genes
Bands of 250 bp were amplified by RT-PCR using degenerate primers designed from conserved regions of the CYP6 family. The products were subcloned and 62 plasmids were selected at random and the sequences of the inserts were determined. The clones having characteristics of CYP were classified into 9 isoforms containing CYP6A1 and CYP6D1 from 3 strains (Fig. 1) . SRS strain, YS strain and YPER strain contained 7 isoforms, 3 isoforms and 4 isoforms, respectively ( Table 2) . Six of the new 7 isoforms showed identities 226 E. Kamiya et al. (58-74%) to members of the CYP6 family than to those of other CYP families. CYP6-b, c, d, e, f were contemporarily named by using CYP6 family degenerate primer.
Sequencing of complete coding sequences of CYP6D1, CYP6A24 and CYP6D3v2
A cloned cDNA containing 1,800 bp nucleic acids from YPER strain showed 99.3%, 99.0% and 97.0% nucleic acid identity to CYP6D1 of aabys, CS and LPR strains (Tomita et al., 1995) , respectively. The encoded 516 amino acid residues were completely identical with that of a susceptible strain, CS.
The sequence of CYP6A24 contained a 1,500 bp open reading frame encoding 500 amino acids (Fig. 2) , and CYP6D3v2 contained a 1,554 bp open reading frame encoding 518 amino acids (Fig. 3 ) (CYP6A24 and CYP6D3v2 were submitted to CYP nomenclature committee, and accession numbers are AB050019 and AB050702, respectively). 3Ј UTR of these two sequences contained polyadenylation signals. The salient characteristics of cytochrome P450s, i.e. a hydrophobic membrane-anchoring signal, a heme-binding site (FxxGxxxCxG), an oxygen binding pocket (AGxT) in Helix I and a putative meander-binding sequence (ExxR) are highly conserved in CYP6A24 and CYP6D3v2. CYP6A24 shows the highest identity (62%) to CYP6A1, and CYP6D3v2 shows the highest identity (74%) to CYP6D1.
Expression level of CYP6D1, CYP6A24 and CYP6D3v2
We conducted Northern blot analysis using cDNA fragments of CYP6D1, CYP6A24 and CYP6D3v2 as probes (Fig. 4) . The RNA samples from YS, YPER and Hachinohe strains gave stronger signals than that of the SRS strain with the CYP6D1 probe. Using CYP6A24 and CYP6D3v2 probes, signals were detected in the 3 resistant strains but not in the SRS strain. This result suggests that CYP6A24 and CYP6D3v2 as well as CYP6D1 are overexpressed in the resistant strains.
DISCUSSION
CYP6D1 is a CYP, which degrades pyrethroid insecticides and is overexpressed about ten times more in the pyrethroid resistant strain, LPR, than the susceptible strains, CS and aabys (Tomita et al., 1995; Liu and Scott, 1998) . In YPER and Hachinohe strain CYP6D1 was overexpressed, suggesting that CYP6D1 is involves in detoxification of pyrethroids in these strains as well as in the LPR strain. However, in YPER and Hachinohe strains, CYP6D1 mRNA expression was only 2 times more than in the susceptible strain, SRS. This expression level is low compared to LPR.
Although the content of CYP measured in the YPER strain (0.99 nmol/mg protein) was 3.3 times more than the SRS strain, its content is comparable to that of the LPR strain (1.11 nmol/mg protein, Lee and Scott, 1989) . Synergistic effects of piperonyl butoxide to permethrin were very low in the YPER strain (synergistic ratio: ca. 60) as compared with the LPR strain (synergistic ratio: 810, Scott and Georghiou, 1986) . The values of CYP content and synergism clearly indicate that not the total CYP content, but CYP6D1 content is important in 228 E. Kamiya et al. pyrethroid degradation.
The synergistic ratio of piperonyl butoxide was reported to be 20 in Hachinohe strain (Yasutomi, 1992) . Three CYP6 genes (CYP6D1, 6A24, 6D3) were overexpressed at the same level as YPER strain. There is likely no gene exchange between the Tokyo Bay (YPER) and Hachinohe populations because the two locations are 700 km apart. The history of insecticide usage is, however, similar in the two populations and both populations showed multiple insecticide resistance. The overexpression of multiple CYP6 isoforms seems to have occurred through the course of insecticide resistance development and to act as a resistant factor to other insecticides as well as pyrethroid.
As for the mechanism of CYP overexpression in the housefly, the overexpression of protein is preceded by an increased CYP transcription which is regulated by trans-/cis-acting factors. In the LPR strain, CYP6A1 gene located on the chromosome V differs from CYP6D1 (chromosome I) and is also expressed at an elevated level (Carino et al., 1992) . Scott (1999) pointed out the possibility of trans regulation of both CYP6D1 and CYP6A1 by a mutated common factor on chromosome 2. Overexpression of multiple CYP6 isoforms observed in YPER and Hachinohe strains suggests regulation by a similar factor. If the genes of the three isoforms are located as a cluster on the chromosome as reported previously (Cohen and Feyereisen, 1995) , it is probable that all regulating factors at up-stream (cis element, having similar structure) of each CYP gene is under the regulation of a trans element.
